A fully 3D conjugate numerical analysis was performed to reveal the effects of air, R134a refrigerant and water on electromagnetic fields of electronic cooling designs made of arrays of micro pin-fins with integrated ThroughSilicon-Vias (TSVs). The integrated TSV cooling configuration included 8 cylindrical TSVs with 150 µm diameter each and 200 µm height. The external dimensions of the silicon substrate were 900×700×280 µm. Each TSV encapsulated four equally spaced copper vias each having a diameter of 40 µm. The impacts of the presence of the stationary cooling fluids without heat transfer on TSVs electric and magnetic fields were examined for five different frequencies; 100 MHz, 500 MHz, 1 GHz, 5 GHz and 10 GHz. Then, separately, the effects of moving cooling water with temperature-dependent physical properties were studied while exposing the cooled micro pin-fin array to a uniform heat flux of 500 W cm −2 . For the case of stagnant and moving cooling fluids it was found that water influences the electric field twice as much as either R134a or air and that this influence decreases only negligibly with the increase in frequency of the electric current passing through the TSVs. The influence of the presence of the stagnant and moving cooling fluids on the magnetic field is orders of magnitude smaller and reduces rapidly with the increased frequency.
Introduction
Thermal management challenges facing electronic cooling developers [1, 2] are currently at the confluence of chip power dissipation well above 100 W cm −2 as background heat flux, and localized hot spots with more than 1000 W cm −2 fluxes. Several approaches were proposed for cooling such high power chips with multiple hot spots, which has opened a door for new hyper integrated smart systems [3] . In this paper, we will focus on the micro-electronic forced convection cooling concept that uses arrays of micro pin-fins representing Through Silicon Vias (TSVs) [4] . Three-dimensional TSV-based integration has shown very promising results in terms of performance, functionality and power consumption in electronic packaging. In a recent study, Abdoli et al. [5] performed 3D thermo-fluid-stress analyses using different shapes for TSV cross sections to improve the heat transfer and reduce required pumping power. Later, Reddy et al. [6] applied multi-objective optimization techniques to find the optimal micro pinfin cooling configurations for high heat flux chips with a hot spot. One of the interesting phenomena occurring in this type of cooling systems, and yet to be studied, is the interaction between the electric, magnetic, thermal and pressure fields involved. Savidis et al. [7] , He and Lu [8] , Xie and Swaminathan [9] , He et al. [10] and Xie et al. [11] investigated voltage drops in power delivery network for TSV-based 3D integration packages. It is well understood that electric fields and magnetic fields can influence the flow-field and consequently the heat transfer [12] . This area has been well researched and is known as electro-magneto-fluid dynamics [13] .
An even more intriguing issue is the answer to a potentially important question: is it possible for the cooling fluid and its flow-field and temperature field to influence the imposed high frequency electric and magnetic fields in the TSVs? This possible "reverse" interaction is especially intriguing for very small systems such as micro-electronics cooling where the electric and magnetic signals transmitted through TSVs should not be altered by any possible electric and magnetic fields induced by the either stationary or moving and temperature-dependent cooling fluid. Xei et al. [11] performed an electrical-thermal modeling of TSV arrays in case of pure conduction with no cooling fluid involved. They reported that the temperature dependency of material properties such as the silicon conductivity cannot be neglected for TSV array design. At least in the case of 2D magnetohydrodynamic flows, it was shown analytically that such "reverse" interaction is possible when electric conductivity of the cooling fluid is temperature-dependent [14, 15] .
The aim of this paper is to address the question of sensitivity and magnitude of such "reverse" influence of the various common stagnant and moving cooling fluids on the applied electric and magnetic fields passing through the TSVs. The answers will be found by performing fully conjugate three-dimensional numerical simulations using an elementary electro-magneto-hydro-dynamics model based on the Navier-Stokes equations and Maxwell equations. Impacts of three different fluids (air, R134a liquid refrigerant and water) on electric and magnetic fields of TSV-based electronic integration packages were investigated for five different frequencies of the electric and magnetic fields in the range between 100 MHz and 10 GHz.
Design and methodology
A single stack cooling system with 8 integrated micro pin-fins ( Fig. 1 ) was virtually designed for numerical simulations. Silicon was used for the substrate material and the micro pin-fins. Fig. 1a illustrates all micro pin-fins and copper vias arrangements on the array with dimension of 900 µm× 700 µm (Fig. 1b) . As this figure depicts, total height of silicon substrates was 280 µm. Fig. 1b shows the spacing between the micro pin-fins, and diameters of micro pin-fins and copper vias.
Maxwell's equations were the governing equations for multi-domain electromagnetic simulations
Here, ρ is the electric charge density, E is the electric field, D is the electric displacement field, J is the electric current, B is the magnetic field and H is the magnetic flux density. To solve these equations, material constitutive relations are required which relate electric field (E) to electric displacement field (D), current (J) to electric field (E), and magnetic field (B) to magnetic flux density (H).
The applied electric field and magnetic field frequencies in the range of 100 MHz and 10 GHz correspond to wavelengths between 3 cm and 3 µm in vacuum. Therefore, the AC/DC analysis module in COMSOL Multiphysics software [16] was the proper module to use for simulations. This module integrates the frequency domain form of the magnetic fields interface, as follow
Here, µ is magnetic permeability, ε is electric permittivity, ω is frequency, σ is electric conductivity, A is magnetic vector potential, J s is the source current. The following equations are solved for the electric field and induced current
Here, J i is the induced current. In order to integrate the Eqs. (1) through (5) using finite element technique, all solution domains have to be discretized spatially and temporally. Fig. 2 illustrates the hybrid computational grid generated by the COMSOL Multiphysics software. Fig. 2 (left) shows the grid in the entire solution domains. Fig. 2 (right) shows an enlarged view of the grid inside and around one of the silicon pin-fins with four imbedded copper vias. Total number of degrees of freedom for each of the analysis computations was 4233637.
He and Lu [8] studied the voltage drop for different number of TSVs. They reported around 2.5 mV voltage drop for 4 TSVs and 1 mV voltage drop for 8 TSVs. They showed that voltage drop decreases by increasing the number of TSVs up to 16 TSVs. They did not take into account the effects of the cooling fluid.
In this paper, voltage drop of 1 mV was assumed for copper vias. The direction of voltage drop was set in the opposite of y-axis. The rest of boundary surfaces were assumed to be electric insulators. In the following sections, results of fully 3D conjugate numerical simulations for each of the three fluids are presented separately. In the first case, air was used as cooling fluid between TSVs. The electromagnetic properties such as electric conductivity, relative permittivity and relative permeability are required for each domain. It was assumed that the electromagnetic properties of silicon, copper and air were constant for all five frequencies. Table 1 shows the electromagnetic properties of silicon, copper and air. Fig. 3 shows electric and magnetic field magnitude distributions for 100 MHz. Fig. 3a illustrates the electric field magnitude distribution in all eight TSVs and copper vias. Arrows indicate directions of electric field in the entire domain. As this figure demonstrates, the maximum magnitude of the electric field occurred at the top (and bottom) surface of silicon near the copper vias of those TSVs which were located at the corners. The maximum magnitude of the electric field was 6.264 V m −1 . Larger electric field magnitudes at the corner TSVs are due to the fact that in these regions electric field can be scattered in silicon without any suppression. For the two TSVs in the middle, electromagnetic fields were suppressed by each other due to their opposite directions. Fig. 3b shows the electric field around one of the middle TSVs. As this figure illustrates, the maximum value of electric field in this TSV was
, which was around 3 times less than the global maximum. Distribution of electric field magnitude of one of the corner TSVs is shown in Fig. 3c . Larger electric field can be seen at both ends of this TSV near copper vias. Fig. 3d shows the top view of magnetic field magnitude with normalized directional arrows. From the direction of these arrows it can be observed that magnetic fields of middle TSVs were in opposite directions. Thus, they suppressed each other and resulted in a smaller magnetic field in this region. It should be also mentioned that the maximum value of the magnetic field by itself was very small, 1.225×10 −4 T.
For further investigation of results, a sample line (orange line in Fig. 3d ) was chosen to plot simulation results for all five frequencies. The sample line was located on the top surface of silicon (y=280 µm). Fig. 4a shows the electric field magnitude at this line. As this figure illustrates, electric field magnitudes at all different frequencies were almost the same. This indicates that changing the frequency did not affect the electric field magnitude at the sample line.
The magnetic field magnitudes for the same sample line are shown in Fig. 4b . It can be seen that by increasing the frequency, the magnetic field suppresses and tends to zero. This observation can be explained by the "skin effect" which causes the effective resistance of the copper via (conductor) to increase at higher frequencies where the skin depth is smaller, thus reducing the electric current and magnetic field magnitude.
Case 2: stagnant r134a refrigerant effect on electromagnetic fields
In Case 2, stagnant R134a refrigeration liquid, which is one of the most popular coolants, was used as the working fluid for the cooling system. Due to the lack of experimental data, the electromagnetic properties of R134a were assumed to be constant for all five frequen- 
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cies. Electric conductivity of R134a was assumed to be 4.17×10 −9 S m −1 [17, 18] , while its relative permittivity and relative permeability were set as constants and equal to 9.1 and 1.0, respectively [19] . Electric and magnetic field magnitude distributions for 100 MHz are shown in Fig. 5 . As Fig. 5a indicates, the maximum value of the electric field in this case was 7.573 V m −1
. The same distribution pattern for the electric field magnitude can be seen compared to Case 1 (Fig. 3a) . (Fig. 3c ). For magnetic field, results were almost the same as in Case 1. One of the reasons for such similarity was the relative permeability values which were the same in both cases. Electric and magnetic field magnitudes for the same sample line (Fig. 3d) are shown in Fig. 6 . As Fig. 6a depicts, different graphs were obtained for the electric field magnitudes on the sample line.
The maximum value of the electric field was slightly increased from 1.56 V m −1 to 1.65 V m −1
. By comparing Fig. 6a with Fig. 4a , two extra local minima can be detected near the centerline (x=300 µm and x=600 µm) in this figure. As Fig. 6b shows, very similar results were obtained for magnetic field magnitude on the sample line for Case 2 ( Fig. 6b ) compared to Case 1 (Fig. 4b) . In the third case study, effects of stagnant water on TSVs electromagnetic field were simulated. Electric conductivity of water was assumed to be constant and equal to 5.5×10
. Also, the value of relative permeability was considered to be constant and equal to 1. Table 2 shows different values for relative permittivity for different frequencies. It can be observed that by increasing the frequency, the relative permittivity of water decreases.
The electric and magnetic field results for 100 MHz are shown in Fig. 7 . Fig. 7a shows the maximum of electric field magnitude was increased to 11.055 V m . Same distribution pattern in terms of local direction of the electric field can be observed compared to previous cases. Figs. 7b and 7c illustrate larger electric field magnitudes at both ends of the TSVs compared to Case 1 and Case 2. However, as Fig. 7d shows, the magnitude and distribution of magnetic field remained almost the same as in previous cases.
For better comparison, results of electromagnetic field magnitudes for the same sample line (Fig. 3d) are shown in Fig. 8 . Larger variations in electric field magnitude can be observed for 100 MHz, 500 MHz, 1 GHz and 5 GHz compared to Case 1 and Case 2. The magnitude of electric field for 10 GHz has larger variations with respect to other frequencies. This is due to the large difference between the relative permittivity of water at this frequency compared to other four frequencies ( Table 2 ). The same results were obtained for magnetic field magnitudes in Case 3 as those in Case 1 and Case 2.
6. Case 4: flowing cooling water effect on electromagnetic fields with strong heat transfer and temperature-dependent relative permittivity
In the three cases presented thus far, the cooling fluid was assumed to be stationary (stagnant) having either constant or temperaturedependent properties. In actual applications of the arrays of micro pinfins with integrated TSV, the cooling fluid is moving and features nonuniform temperature distribution. To incorporate this into the model, a fully three-dimensional conjugate heat transfer numerical analysis was performed using COMSOL software [16] by utilizing Navier-Stokes equations and Maxwell equations to acquire the compatible 3D flowfield and temperature distribution. An average coolant speed of 1 m s −1 was applied at the inlet and an absolute pressure of 120 kPa was applied at the outlet. A uniform heat flux of 350 W cm −2 was imposed on the top surface of the configuration [5, 6] , while all other sides were thermally insulated. Temperature of the liquid coolant (pure water) at inlet was 30°C.
The relative electric permittivity in previous test cases was assumed to be constant. However, electric permittivity is known to become frequency dependent above approximately f=1000 Hz when it becomes a complex number that has a real part and an imaginary part. Moreover, the relative electric permittivity is a function of not only the frequency of the applied electric field, but also a function of temperature and electric conductivity. For some fluids in certain ranges of frequencies and in certain ranges of temperature the magnitude of the imaginary part is negligible, while in other frequency and temperature ranges for the same fluid the magnitude of the imaginary part is significant in comparison with the real part.
In Case 4, which involves moving coolant (pure water) and strong heat transfer, the electric conductivity of water was calculated as a function of temperature shown in Fig. 10 [22] .
In Case 4, relative electric permittivity of water was modeled as a temperature-salinity-frequency dependent physical property by using an analytical model developed by Meissner and Wentz [23] .
In Eq. (8), ε r is the relative electric permittivity of water as a function of temperature, T, and salinity, S. Here, ε s is the static (zero frequency) dielectric constant; ε ∞ is dielectric constant at infinite frequencies, and can be considered constant in Klein-Swift model, while σ T S ( , ) is the temperature and salinity dependent electric conductivity [S m are the first and second order Debye relaxation factors, and υ is frequency of the imposed electric field given in GHz.
Eq. (8) shows real and imaginary parts of relative electric permittivity. In this study, since the water we use had no salinity, we consider S to be zero. Analytic expressions for other parameters are [23] : (12) Fig. 6 . Case 2 -a) electric field magnitude for the sample line shown in Fig. 3d , for all frequencies, b) magnetic field magnitude for the sample line shown in Fig. 3d , for all frequencies. Table 2 Relative permittivity of water at different frequencies (T=30°C), [20, 21] used in Case 3. Fig. 3d , for all frequencies, b) magnetic field magnitude for the sample line shown in Fig. 3d , for all frequencies.
ε (T, S) = υ (T, S) (ε (T, S) − ε (T, S)) υ (T, S) + υ + υ (T, S) (ε (T, S) − ε (T, S)) υ (T, S) + υ + ε (T, S) −i υ (T, S) × υ × (ε (T, S) − ε (T, S)) υ (T, S) + υ − υ (T, S) × υ × (ε (T, S) − ε (T, S)) υ (T, S) + υ
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Microelectronics Journal 64 (2017) [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] few values that were interpolted by the COMSOL software [16] . According to this figure, our current numerical method can predict real part of relative permittivity with negligible error. By increasing frequency of the electric field, real part of relative electric permittivity decreases remarkably. In other word, as frequency increases from 1 to 256 GHz, real part of relative permittivity changes from 86.897 to 5.0292, respectively. Although these are results for a constant temperature T=0°C, it can be inferred that increasing frequency can decrease the relative permittivity noticeably. Fig. 11 also shows magnitude of the imaginary part of relative electric permittivity versus frequency calculated from Eq. (16) [23] (filled circles) and from a few values that were interpolted by the COMSOL software [16] . As this figure shows, when frequency is 1 GHz the value of relative permittivity is 9.0994. When frequency is 9 GHz, absolute value for imaginary part of relative permittivity reaches its highest value which is 41.038. After reaching frequency of 9 GHz, absolute value for imaginary part of relative permittivity follows a downward trend and reaches its lowest value which is 1.8372 when frequency is 256 GHz. It can also be observed from Fig. 11 that current numerical procedure is able to predict imaginary part of relative permittivity that is in good agreement with the analytical result [23] . As Fig. 11 shows, when frequency is higher than 100 GHz, the current numerical procedure underestimate the imaginary part of relative permittivity. Hence, it can be inferred from Fig. 11 that current numerical procedure is able to predict real part and imaginary part of relative permittivity quite accurately, especially when frequency of the electric field is lower than 100 GHz. Fig. 12a shows real part of relative electric permittivity versus temperature for pure water at four distinct frequencies. At low frequency (1 GHz), real part of relative electric permittivity decreases linearly as temperature increases. At higher frequencies, as temperature increases, real part of relative electric permittivity first increases and then decreases linearly. For example, when frequency is 10 GHz, real part of the relative electric permittivity has its lowest value (47) at 4°C and reaches its highest value (64.811) at 39°C. Between 30°C and 60°C, which is the range of local temperatures of the cooling water in the array of micro pin-fins (TSVs) shown in Fig. 9 , the real part of relative permittivity is higher than 62 and relatively uniform. Fig. 12b shows imaginary part of relative electric permittivity versus temperature for pure water at four distinct frequencies. As this figure shows, in case of each of the four frequencies that were used in the current simulation, imaginary part of the relative electric permittivity starts with a high absolute value and it decreases as temperature increases. For example, although absolute value of imaginary part of relative electric permittivity is high (40.5) when frequency is 10 GHz at 4°C, it reduces to a low value of 15 when temperature is 70°C.
Thus, absolute values of the imaginary part of the relative electric permittivity are less than approximately one third of the real part of the relative electric permittivity when temperature of the pure water is between 30°C and 60°C which is the average temperature range of the water cooling an array of micro pin-fins (TSV). Consequently, an approximate increase of the magnitude of the relative electric permittivity is 
In other word, using a combination of real and imaginary part of relative electric permittivity can increase the magnitude of relative permittivity by approximately 5% in pure water in temperature interval between 30°C and 60°C, which is not significant (Fig. 13) . This observation was then further confirmed by using the actual temperature-dependent and frequency-dependent physical properties of pure water in the conjugate forced cooling simulation of the micro array of pin fins (Fig. 9) .
After obtaining data from Matlab code, output data were defined via interpolation function inside COMSOL [16] to run simulation by using the value of real part of relative permittivity only, besides using values of real part together with imaginary part of relative permittivity (magnitude) for making comparison to see whether imaginary part of relative permittivity can significantly change electric field magnitude. As Fig. 13 shows, using imaginary part together with real part of relative permittivity cannot change electric field magnitude significantly when compared to the calculations where imaginary part of the electric permittivity was neglected. The average difference between these two results is trivial (1%) in the conjugate cooling simulations of a the micro array of pin fins (Fig. 9) . The reason for this is the high temperature of water in the current simulation. Water temperature at inlet is 30°C and it rapidly increases to over 50°C as it moves past hot top wall and TSVs (Fig. 9) . As Fig. 12b shows, at low temperatures magnitude of the imaginary part of relative electric permittivity of water is comparable in comparison with the real part of relative electric permittivity. Therefore, using imaginary part of relative electric permittivity might be necessary only when local temperature of the water is relatively low (lower than 15°C).
In Fig. 14 , the electric and magnetic field results for 1 GHz are shown for Case 4. The inlet temperature of water was 30°C. Although direct comparisons between these results and previous results including stagnant fluid (Figs. 3, 5 and 7) would not be fair due to different frequencies used, the same distribution pattern in terms of direction of electric field can be observed in Fig. 14a as in the previous cases.
The frequency difference showed more effect on the magnetic field distribution which has clearly changed (Fig. 14d) as compared with the cases when the cooling fluid was stagnant. The second reason for such variations in the magnetic field pattern could be due to the non-uniform distribution of relative magnetic permeability resulting from the nonuniform temperature distribution in the flowing water. It can be seen that the maximum electric field magnitude in this case was 14.5 V m −1
. It can be seen in Fig. 14b and Fig. 14c that the electric field magnitude is very large at the ends of the TSVs.
In order to make the comparisons among the four test cases more meaningful and usable for real size cooling configurations, TSVs in this paper were classified into two groups; a) side (corner) TSVs which included 6 TSVs adjacent to walls, and b) middle TSV which included the two middle TSVs. Fig. 15 shows the normalized values of the maximum and average of the electric field magnitudes for the side and middle TSVs at each frequency. The stagnant water value at 100 MHz was used as the normalization reference.
The maximum value of electric field increased as the fluid was changed from air to R13a and then to water. The maximum electric field magnitude for stagnant water was approximately 1.9 times larger than in case of air and 1.5 times larger than in case of R134a liquid. The average value of electric field for stagnant water was approximately 4 times larger than for air and 2.3 times larger than for R134a. This is mainly due to very high relative electric permittivity of water compared to air and R134a liquid. Insignificant reductions of the average and maximum values of the electric field magnitudes at 1 GHz were observed using flowing water compared to stagnant water for the side (corner) TSVs. Also, it can be observed in Fig. 15 that by increasing the frequency, the maximum and average electric field magnitudes decreased. The maximum and average electric field magnitudes when using R134a were 1.2 and 1.7 times larger than the maximum and average electric field magnitudes when using air, respectively.
Smaller electric field magnitude values can be observed for the middle TSVs compared to the corner TSVs. However, the ratio of the |E max | of water over |E max | of air was 1.9, and |E max | of water over |E max | of R134a was 1.5, which were almost the same as at the corner TSVs. The ratio of average value of electric fields in case of water over air was 4.2 which was slightly more than at the corner TSVs. The ratio of this parameter for water over R134a was 2.4, which was slightly larger than at the corner TSVs. The flowing water reduced the |E ave | by 1.2 times compared to stagnant water, which is more than at corner TSVs that showed negligible variations. This is mainly because of the effect of the non-uniform distribution of relative permittivity resulting from the non-uniform temperature distribution due to the moving water. The ratios of maximum and average electric field magnitudes for R134a over air (notice that both of these fluids were analysed without fluid motion) remained the same at the corner TSVs which were 1.2 and 1.7, respectively. Fig. 15 shows normalized values in which all of the actual values were divided with their highest values.
The normalized maximum and average of magnetic field magnitudes are shown in Fig. 16 . Again, these result have been normalized using the stagnant water value at 100 MHz. For each coolant, by increasing the frequency, the magnetic field magnitudes decreased significantly. This was also shown in Figs. 4d, 6d and 8d and it was explained by the "skin effect". As this figure demonstrates, for lower frequencies, magnetic field magnitudes for all three fluids are the same. By increasing the frequency, an insignificant increment in magnetic field values for water can be observed compared to air and R134a liquid. The average and maximum values of the magnetic field magnitudes at 1 GHz were slightly increased in case of flowing water compared to stagnant water. It can also be observed that the variation patterns for both maximum and average magnetic field magnitudes in the middle TSVs were the same as at the corner TSVs.
Conclusions
The effects of three different cooling fluids (air, R134a refrigerant liquid and water) on the magnetic and electric fields of arrays of micro pin-fins having integrated TSVs were studied at five different frequencies (100 MHz, 500 MHz, 1 GHz, 5 GHz and 10 GHz). A uniform high intensity heat flux was applied to the cooling configuration and fully three-dimensional conjugate heat transfer analysis was performed. Both stagnant and flowing conditions were used for water as the working fluid.
One of the findings of this study is that the effect of different coolants on the magnetic field is very small and becomes negligible as frequency of the applied field increases and temperature range between 30°C and 60°C. The middle TSVs showed smaller values for the magnetic and electric field magnitudes compared to the corner TSVs, due to suppression of the electromagnetic field near the centre.
The second finding of this study is that the coolant can have significant impact on the electric field of such micro-electronic packages. For instance, water showed significant effects on the electric field compared to air and R134a refrigerant, which is because of its high relative permittivity. For the corner TSVs, the average electric field magnitude using stagnant water cooling was nearly 4 times larger than in air cooling and 2.3 times larger than in R134 cooling. These values for the middle TSVs were 4.2 and 2.4. . Fig. 16 . The normalized maximum and average of magnetic field magnitudes for the corner and middle TSVs. The stagnant water at 100 MHz was used as the normalization reference. (Water-S is stagnant water and Water-F is flowing water). The stagnant water at 100 MHz was used as the normalization reference. B max value for the stagnant water at 100 GHz was 1.44E-04 V m −1 .
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Microelectronics Journal 64 (2017) [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] The moving fluid condition with strong heat transfer slightly reduced the coolant fluid impact on the electric field compared to the stationary fluid condition. The maximum and average electric field magnitudes of R134a in the corner TSVs were 1.2 and 1.7 times larger than the maximum and average electric field magnitudes in case of air, respectively. These ratios remained the same for the middle TSVs. COMSOL results of the fully 3D conjugate heat transfer/electromagneto-hydrodynamics analysis of flowing water cooling of an array of micro pin-fin TSVs including combined real and imaginary part of the relative electric permittivity at higher frequencies and water temperature range between 30°C and 60°C has shown negligible difference compared with the results when only real part of the relative electric permittivity was used. Imaginary part of relative electric permittivity might be necessary to include when local temperature of the water is relatively low (lower than 15°C). A recommendation for future research is to expand this effort include oxide and depletion regions on TSVs/vias to improve the accuracy of the simulations. In addition, RLGC network model and S-parameter can be utilized to further investigate the signal characterization of 3D signal through Silicon vias.
